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HIGHLIGHTS 


►  Low  apparent  density  SDC  powders  are  derived  from  a  GNP  using  mixed  cerium  precursors. 

►  High  density  and  conductivity  (~  0.020  S  cm  1  at  600  °C)  SDC  thin  films  are  fabricated. 

►  Very  high  peak  power  density  (0.725  W  cm-2  at  600  °C)  is  demonstrated. 
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Low  apparent  density  Smo.2Ceo.8O19  (SDC)  powders  of  different  morphology  and  microstructure  are 
derived  from  a  glycine-nitrate  process  using  Ce(N03)3  and  Ce(NH4)2(N03)6  as  the  cerium  sources.  When 
the  molar  ratio  of  the  two  cerium  precursors  is  around  1:1,  the  derived  SDC  powders  can  be  readily 
sintered  to  high  density,  exhibiting  the  highest  conductivities  (~  0.084  and  ~  0.020  S  cm-1  at  800  and 
600  °C,  respectively)  with  an  activation  energy  of  ~0.70  eV.  When  the  molar  ratio  of  Ce(N03)3  to 
Ce(NH4)2(N03)6  was  adjusted  to  3:1,  the  derived  SDC  powders  have  the  lowest  apparent  density 
(36.0  ±  0.5  mg  cm-3),  best  suited  for  preparation  of  dense,  thin-film  SDC  electrolyte  membranes  on 
porous  anode  substrates,  a  critical  step  toward  low-cost  fabrication  of  high-performance  SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  regarded  as  one  of  the  cleanest 
and  most  efficient  devices  for  direct  conversion  to  electricity  of 
a  wide  variety  of  fuels,  from  hydrogen  to  hydrocarbons,  coal  gas, 
and  bio-derived  renewable  fuels  [1—7].  It  is  believed  that  broad 
application  of  SOFCs  for  power  generation  alone  can  significantly 
reduce  pollutant  emission  and  consumption  of  fossil  fuels. 
Successful  commercialization  of  SOFC  technologies,  however,  has 
been  constrained  by  many  difficulties  associated  with  the  high 
operation  temperatures  (800-1000  °C).  Thus,  it  is  vital  to  lower  the 
operation  temperature  of  SOFCs  to  700  °C  or  lower,  so  that  much 
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less  expensive  materials  (e.g.,  low-cost  steels)  may  be  used  as  the 
interconnect  and  manifold  components  of  SOFC  systems  with 
improved  stability  and  reliability  [1]. 

In  recent  years,  considerable  efforts  have  been  devoted  to  the 
development  of  intermediate-temperature  (IT)  SOFCs  based  on  thin- 
film  electrolytes  of  doped  ceria,  which  show  much  higher  ionic 
conductivities  than  the  state-of-the-art  yttria-stabilized  zirconia 
(YSZ)  electrolytes  at  reduced  temperatures  [8,9].  For  example,  various 
complex  vapor  or  solution  deposition  strategies  have  been  studied 
for  fabrication  of  thin-film  SOFCs.  While  high  quality  thin  electrolyte 
films  have  been  produced,  they  are  too  expensive  to  be  commercially 
viable.  In  contrast,  a  simple  and  elegant  approach  to  fabrication  of 
dense  electrolyte  films  on  porous  anode  substrates  is  a  co-pressing 
and  co-firing  process,  significantly  reducing  the  fabrication  cost 
[10,11].  However,  the  critical  step  of  this  process  is  the  synthesis  of 
electrolyte  powders  with  extremely  low  apparent  density,  usually 
achieved  via  a  glycine-nitrate  process  (GNP)  [10-17]. 
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GNP  is  a  relatively  inexpensive  technique  to  synthesis  fine  and 
homogeneous  powders,  mainly  based  on  the  exothermicity  of  the 
reaction  between  glycine  (the  fuel)  and  nitrate  (the  oxidizer)  [18]. 
In  synthesis  of  doped  ceria,  Ce(N03)3  is  usually  used  as  the  cerium 
source  while  Sm(N03)3  and  Gd(N03)3  are  used  as  the  doping 
precursor  for  Sm0.2Ceo.80i.g  (SDC)  and  Gdo.1Ceo.9O1.95  (GDC), 
respectively  [10,11].  Recently,  the  use  of  another  precursor,  Ce(N- 
H4)2(N03)6  (Ce(IV)),  has  attracted  some  attention  for  ceria  synthesis 
[19-23],  and  different  precursors  may  have  significant  impact  on 
the  properties  of  the  resulting  powders.  For  instance,  Hwang  et  al. 
[20]  used  urea  ((NH2)2CO)  as  the  fuel  and  Ce(NH4)2(N03)6  as  both 
the  source  of  cerium  ion  and  the  oxidizer  to  synthesize  high-purity 
ceria  powders  via  a  dry  combustion  process.  Yuan  et  al.  showed 
that,  through  a  hydrothermal  route  with  the  assistance  of  acetate, 
hydrophilic  ceria  nanocubes  of  5  nm  can  be  synthesized  when 
Ce(NH4)2(N03)6  was  used  as  the  precursor  whereas  those  of  20  nm 
with  Ce(N03)3  [22].  To  date,  however,  there  is  no  comparative  study 
concerning  the  effect  of  different  ceria  nitrate  sources  on  powder 
properties,  although  other  processing  parameters  (such  as  glycine/ 
nitrate  molar  ratio  and  calcination  temperature)  have  been  exten¬ 
sively  investigated  as  the  main  factors  that  affect  the  properties  of 
ceria  or  doped-ceria  powders  synthesized  by  GNP  [12,14,24,25]. 

In  this  paper,  we  report  our  findings  on  the  effects  of  different 
cerium  sources  on  the  properties  of  SDC  powders  derived  from 
GNP,  focusing  mainly  on  the  apparent  density  and  the  specific 
morphology  of  powders  as  well  as  the  ionic  conductivity  of  sintered 
dense  pellets  and  the  performance  of  fabricated  thin-film  single 
cells.  Mixed  cerium  nitrates  with  different  mole  ratio  of  Ce(N03)3  to 
Ce(NH4)2(N03)6  were  studied  as  the  starting  materials  to  obtain 
SDC  powders  most  suitable  for  IT-SOFC  fabrication. 

2.  Experimental 

2.1.  Powder  synthesis 

Five  kinds  of  Sm0.2Ceo.80i.g  (SDC)  powders  were  derived  from 
a  GNP  using  Sm(N03j3-6H20,  Ce(N03)3-6H20,  and  Ce(NH4)2(N03)6 
as  precursors  (all  from  Alfa  Aesar).  The  details  for  each  type  of 
powder  are  presented  in  Table  1.  In  a  typical  synthesis  experiment, 
stoichiometric  amount  of  samarium  ion  and  cerium  ion  containing 
nitrates  were  dissolved  in  distilled  water  to  form  a  homogeneous 
solution,  in  which  glycine  (Alfa  Aesar)  was  added  as  both  the 
complexing  agent  and  the  fuel.  To  avoid  possible  impact  of  glycine/ 
nitrate  ratio,  the  glycine  addition  for  each  powder  was  fixed  to  the 
stoichiometric  amount,  which  corresponds  to  the  value  when  all 
glycine  fuels  are  stoichiometrically  oxidized  by  nitrates  with  only 
nitrogen,  water,  and  carbon  dioxide  (C02)  as  gas  products,  which  is 
widely  reported  to  be  the  optimal  value  to  produce  high  quality 
powders  [12,14,25].  After  stirring  for  half  an  hour  to  allow  full 
complexation,  the  solution  was  then  heated  on  a  hotplate  to  ignite 
rapid  self-sustaining  combustion.  The  resulted  ashes  were  subse¬ 
quently  calcined  at  600  °C  for  2  h  to  remove  any  carbon  residues 


and  to  form  crystalline  SDC  powders.  For  brevity,  the  five  kinds  of 
SDC  powders  are  named  as  SDC-1,  SDC-2,  SDC-3,  SDC-4,  and  SDC-5 
thereafter,  and  the  starting  cerium  sources  as  well  as  some  prop¬ 
erties  of  the  powders  are  listed  in  Table  1. 

2.2.  Apparent  density  and  conductivity  measurement 

The  phase  compositions  of  the  powders  were  examined  using 
X-ray  diffraction  analysis  (XRD,  X’Pert  PRO  Alpha-1,  Cu  Ka  radi¬ 
ation),  and  the  morphologies  of  the  powders  were  characterized 
using  a  scanning  electron  microscope  (SEM,  LEO  1530).  For  SEM 
observation,  powders  were  dispersed  in  ethanol  and  then  drop- 
coated  on  an  alumina  substrate.  The  apparent  density  of  the 
powders  was  estimated  using  an  oscillating  funnel  method:  (1) 
the  powders  were  loaded  into  a  funnel  with  a  vibration  device; 

(2)  with  a  gentle  vibration  of  the  funnel,  the  powders  began  to 
free  fall  into  a  weighing  bottle  and  filled  it  slowly  in  loose  state; 

(3)  the  apparent  density  (pa)  can  be  calculated  from  the  equation 
below: 

Pa  =  m/V  (1) 

where  V  is  the  volume  of  the  container  and  m  is  the  mass  of  the 
filling  powders  in  the  container. 

To  characterize  the  ionic  conductivity,  the  as-prepared  SDC 
powders  were  cold  pressed  under  250  MPa  into  cylindrical  pellets 
(13  mm  in  diameter  and  ~  1  mm  in  thickness)  using  a  uniaxial  die- 
press.  These  pellets  were  subsequently  sintered  at  1400  °C  for  5  h 
with  a  heating  rate  of  3  °C  min-1.  Then  silver  paste  (Heraeus)  was 
applied  to  both  sides  of  the  sintered  pellets  as  electrodes  for 
conductivity  measurement.  An  EG&G  PAR  potentiostat  (model 
273A)  coupled  with  a  Solartron  1255  HF  frequency  response 
analyzer  were  used  to  measure  the  electrochemical  impedance 
spectra  (EIS)  of  the  pellets  in  a  frequency  range  from  100  kHz  to 
0.1  Hz  with  an  ac  amplitude  of  10  mV.  The  measurement  was 
conducted  in  the  temperature  range  of  500-800  °C.  The  micro¬ 
structures  of  the  sintered  pellets  were  characterized  using  a  scan¬ 
ning  electron  microscope  (SEM,  LEO  1530)  after  grinding,  polishing, 
and  thermal  etching  (at  1000  °C  for  2  h). 

2.3.  Single  cell  characterization 

Bi-layer  pellets  consisting  of  porous  NiO-SDC  substrate  and 
dense  SDC  electrolyte  were  fabricated  using  a  co-pressing  and  co¬ 
sintering  process  [10,11].  NiO  (prepared  by  GNP  [26])  and  SDC 
powders  were  mixed  together  to  form  the  precursor  of  the  anode 
substrate,  in  which  starch  (Sigma)  was  also  added  as  pore  former  to 
increase  the  porosity.  The  mass  ratio  of  NiO,  SDC,  and  starch  in  the 
substrate  was  65:35:15.  The  mixed  powders  were  initially  com¬ 
pacted  at  50  MPa.  Then  a  thin  layer  of  SDC  powders  were  uniformly 
distributed  onto  the  pre-pressed  substrate  and  uniaxially  co¬ 
pressed  to  250  MPa  to  form  green  bi-layer  pellets,  followed  by 


Table  1 

Summary  of  starting  cerium  sources  and  some  basic  information  of  the  SDC  powders  synthesized  in  this  work. 


Powder 

SDC-1 

SDC-2 

SDC-3 

SDC-4 

SDC-5 

Cerium  sources  Ce(N03)3 

100  mol% 

75  mol% 

50  mol% 

25  mol% 

0  mol% 

Ce(NH4)2(N03)6 

0  mol% 

25  mol% 

50  mol% 

75  mol% 

100  mol% 

Glycine/nitrate  ratio 

1.67 

1.87 

2.07 

2.27 

2.47 

Apparent  density  (mg  cm  3) 

41.0  db  0.5 

36.0  ±  0.5 

67.0  ±  0.5 

107  ±  1 

175  ±  1 

Conductivity  at  600  °C  (S  cm-1) 

0.016 

0.017 

0.020 

0.014 

0.011 

Activation  energy  at  500-800  °C  (eV) 

0.71 

0.71 

0.70 

0.72 

0.77 

Fabricated  cells 

Cell-1 

Cell-2 

Cell-3 

Cell-4 

Cell-5 
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co-sintered  at  1250  °C  for  5  h  to  densify  the  electrolyte  membrane. 
The  sintered  anode  substrate  thickness  and  diameter  were 
0.48  ±  0.01  mm  and  11.0  ±  0.2  mm,  respectively,  while  the  thick¬ 
ness  of  the  electrolyte  membrane  was  about  22.5  ±  0.5  pm.  Then, 
Sm0.5Sr0.5CoO3  (SSC)  (prepared  by  GNP  [27])  and  SDC  powders  with 
a  mass  ratio  of  SSCSDC  =  7:3  were  mixed  thoroughly  with  an 
organic  binder  (V-006,  Heraeus)  to  form  the  cathode  slurry,  which 
was  subsequently  screen-printed  onto  the  electrolyte  surface  of  the 
sintered  half  cells,  followed  by  firing  at  950  °C  for  2  h.  The  effective 
cathode  area  was  0.3  cm2.  For  all  the  single  cells,  SDC  powders 
contained  in  both  electrodes  were  fixed  to  the  most  commonly 
used  SDC-1,  and  the  whole  fabrication  process  was  kept  as 
consistent  as  possible  so  that  identical  electrode  polarization 
resistance  could  be  achieved. 

Each  single  cell  was  sealed  onto  an  alumina  tube  using 
ceramic  adhesive  (Aremco,  Ceramabond  552).  NiO  paste  (Her¬ 
aeus)  and  silver  paste  (Heraeus)  were  employed  as  current 
collector  on  the  anode  and  the  cathode  side,  respectively,  and  Ag 
wire  as  the  lead  for  both  electrodes.  Humidified  (3%  H20) 
hydrogen  was  fed  to  the  anode  at  a  flow  rate  of  30  mL  min-1  as 
the  fuel,  while  ambient  air  was  used  as  the  oxidant.  In  addition 
to  measuring  the  current-voltage  curve  with  an  Arbin  fuel  cell 
testing  system  (MSTAT),  the  electrochemical  impedance  spectra 
were  measured  under  open  circuit  conditions  using  an  EG&G  PAR 
potentiostat  (model  273A)  interface  combined  with  a  Solartron 
1255  HF  frequency  response  analyzer.  The  microstructures  of  the 
cells  were  examined  using  a  scanning  electron  microscope  (SEM, 
LEO  1530). 


3.  Results  and  discussions 

3.1.  Effect  of  glycine/nitr ate  ratio  on  powder  synthesis 

In  the  glycine -nitrate  process  (GNP),  glycine  is  used  as  a  com- 
plexing  agent  to  prevent  premature  precipitation  of  metal  ions 
and  as  the  fuel  for  the  subsequent  combustion  reaction.  Accord¬ 
ingly,  the  glycine/nitrate  ratio  is  critical  to  both  the  completion  of 
the  reaction  between  them  and  the  properties  of  the  resulting 
powders  [28].  To  examine  the  effects  of  different  cerium  sources, 
the  glycine/nitrate  ratio  was  kept  at  the  most  favorable  stoichio¬ 
metric  one.  However,  this  ratio  varied  slightly  for  powders  derived 
from  different  combination  of  precursors,  due  to  the  difference  in 
the  valence  state  of  cerium  in  different  precursors.  Assuming  that 
the  only  products  of  the  reactions  are  the  desired  SDC  phase, 
nitrogen,  water,  and  carbon  dioxide  (C02),  and  the  oxidation  of 
Ce(III)  (from  Ce(N03)3)  to  form  Ce(IV)  was  resulted  from  02  in  air. 
Complete  combustion  reactions  between  nitrates  and  glycine  for 
each  type  of  SDC  powder  can  be  expressed  as  follows  (together 
with  the  stoichiometric  glycine/nitrate  ratios): 

SDC-1 : 

l/5Sm(N03)3  +  4/5Ce(N03)3  +  5/3NH2  -  CH2  -  COOH 

+  l/502  -►  SDC-1  +  7/3N2  +  25/6H20  +  10/3CO2  (2) 

(glycine/nitrate  =  5/3-1.67) 

SDC-2: 

l/5Sm(N03)3+3/5Ce(N03)3  +  l/5Ce(NH4)2(N03)6 
+  28/1 5NH2  -  CH2  -  COOH  +  3/20O2  -►  SDC-2 +44/1 5N2 
+  82/15 H2 0  +  56/1 5C02  (glycine /nitrate 
?=  28/15  —  1.87) 

SDC-3: 


1  /5Sm(N03)3  +  2/5Ce(N03)3  +  2/5Ce(NH4)2(N03)6 
+  3 1  / 1 5NH2  -  CH2  -  COOH  + 1  / 1 0O2  -►  SDC-3  +  53/ 1 5N2 
+  203 /30H2O  +  62/1 5C02  (glycine /nitrate 
t=  31/15  —  2.07)  (4) 

SDC-4: 

l/5Sm(N03)3  +  l/5Ce(N03)3  +3/5Ce(NH4)2(N03)6 
+  34/ 1 5NH2  -  CH2  -  COOH  + 1  /2002  -►  SDC-4  +  62/1 5N2 
+ 1 21  /1 5H20  +  68/1 5C02  (glycine/nitrate 
=  34/15  —  2.27)  (5) 

SDC-5: 

l/5Sm(N03)3  +4/5Ce(NH4)2(N03)6  +  37/15NH2  -  CH2 
-  COOH— ►  SDC-5  +  71/15N2  +  281/30H2O  +  74/1 5C02 
(glycine/nitrate  =  28/15-2.47)  (6) 

The  actual  glycine/nitrate  ratio  for  each  powder  was  kept  at  the 
stoichiometric  ratio  shown  in  the  above  Eqs.  (2)-(6). 

3.2.  Properties  of  synthesized  powders 

After  calcination  at  600  °C  for  2  h,  all  the  SDC  powders  exhibit 
a  single-phase  fluorite  structure,  as  shown  in  Fig.  1,  confirming  the 
feasibility  of  utilizing  Ce(N03)3  and/or  Ce(NH4)2(N03)6  as  the 
precursors.  The  morphologies  of  the  powders  are  shown  in  Fig.  2. 
Clearly,  all  powder  samples  consist  of  aggregates  of  small  particles 
due  to  significant  agglomeration  (and  some  degree  of  sintering)  of 
primary  particles  during  combustion.  When  Ce(N03)3  was  used  as 
the  cerium  source,  the  resulting  aggregates  (or  foam  powders)  of 
SDC-1  appear  highly  porous  with  cage-like  structure,  similar  to 
those  synthesized  by  Xia  and  Liu  [10].  In  contrast,  when  Ce(N- 
H4)2(N03)6  was  used  as  the  cerium  source,  the  obtained  aggregates 
(or  foam  powders)  of  SDC-5  look  much  denser  (see  Fig.  2(e))  than 
SDC-1  due  to  even  stronger  agglomeration  of  primary  particles.  The 
use  of  mixed  cerium  sources  resulted  in  different  morphologies 
with  varying  degree  of  agglomeration,  porosity,  and  pore  size.  In 
particular,  when  the  molar  ratio  of  Ce(NH4)2(N03)6  to  Ce(N03)3  was 
1:3,  the  cage-like  structure  was  changed  to  an  O-shape  structure 


(3) 


Fig.  1.  XRD  patterns  of  SDC  powders  derived  from  different  cerium  sources  after 
calcination  at  600  °C  for  2  h. 
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with  a  large  pore  at  the  center  of  each  aggregate,  in  addition  to  lots 
of  small  pores.  These  morphological  features  of  the  resulting  SDC 
powders  are  originated  from  the  cerium  precursors  used  in  the  GNP 
synthesis,  which  determine  the  properties  of  the  powders  (e.g., 
apparent  density,  specific  surface  area,  and  sintering  behavior)  and, 
thus,  the  properties  of  the  electrolyte  membranes. 

Shown  in  Fig.  3(a)  is  a  visual  comparison  in  volume  of  the  SDC 
powders  (same  weight,  1.00  g)  when  they  were  free  fell  into  the 
weighing  bottle  using  the  oscillating  funnel  method.  The  apparent 
densities  of  the  powders,  calculated  using  Eq.  (1)  and  shown  in 
Fig.  3(b),  increased  with  the  content  of  Ce(NH4)2(N03)6  used  in  the 
mixture  (except  SDC-2,  which  has  the  lowest  value  of 
36.0  ±  0.5  mg  cm-3).  This  is  consistent  with  the  apparent  densities 
of  the  aggregates  shown  in  Fig.  2.  Since  the  theoretical  density  of 
SDC  is  about  7.15  g  cm-3,  the  apparent  densities  of  the  powders 
synthesized  in  this  study  are  all  less  than  2.45%  of  the  theoretical 
value  (SDC-5  has  the  highest  apparent  density  of 
~  175  ±  1  mg  cm-3).  In  particular,  the  apparent  density  of  SDC-2  is 
only  about  0.50%  of  the  theoretical  value,  even  lower  than  that 
reported  by  a  previous  study  using  a  novel  PVA  assisted  self-rising 
approach  [29].  The  low  apparent  density  of  SDC-2  is  attributed  to 
the  unique  O-shape  porous  morphology  of  the  foam  powder.  There 
is  no  doubt  that  foam  powders  with  lower  apparent  bulk  density  is 
more  favorable  for  the  fabrication  of  thin  and  dense  electrolyte 
membrane  on  a  porous  anode  substrate  by  a  dry  pressing  process. 
With  the  SDC-2  powders,  dense  SDC  electrolyte  films  as  thin  as 


~4.0  pm  have  been  successfully  fabricated  on  a  NiO-SDC 
substrate  using  a  co-pressing  and  co-sintering  process,  as  shown 
in  Fig.  3(c). 

Further,  high  ionic  conductivity  is  another  important  require¬ 
ment  of  SDC  powders  for  fabrication  of  low-temperature  SOFC 
electrolyte  membranes.  Shown  in  Fig.  4  are  the  ionic  conductivities 
of  the  SDC  pellets  fabricated  from  different  powders  (sintered  at 
1400  °C  for  5  h),  as  determined  from  impedance  spectra  acquired  at 
500-800  °C.  Clearly,  the  conductivities  of  the  sample  SDC-1  are 
higher  than  those  of  SDC-5,  indicating  that  Ce(N03)3  is  superior  to 
Ce(NH4)2(N03)6  as  a  cerium  source  for  synthesis  of  SDC  powders 
using  the  GNP.  Moreover,  it  is  found  that  the  use  of  a  mixture  of 
Ce(N03)3  and  Ce(NH4)2(N03)6  as  the  cerium  source  led  to  signifi¬ 
cant  increase  in  ionic  conductivities  because  the  conductivities  of 
SDC-2  are  higher  than  those  of  SDC-1  while  SDC-4  shows  higher 
conductivities  than  SDC-5  in  the  temperature  range  studied.  In 
particular,  SDC-3  showed  the  highest  conductivities,  reaching 
~  0.084  and  ~  0.020  S  cm-1  at  800  and  600  °C,  respectively. 

The  temperature  dependence  of  electrical  conductivities  of  each 
powders  are  shown  in  Fig.  4(c);  the  activation  energies  were 
calculated  from  the  slops  of  the  Arrhenius  plots,  In  (oT)  versus 
1000 IT.  It  is  also  noted  that  the  activation  energies  for  ionic 
conduction  are  relatively  low  for  all  samples  except  SDC-5 
(~0.77  eV).  Electrolyte  materials  with  lower  activation  energy 
have  more  potential  to  display  high  performance  at  reduced 
temperatures.  Moreover,  the  activation  energy  appears  to  decrease 
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Fig.  3.  (a)  A  visual  comparison  of  the  volumes  of  1.00  g  SDC  powders  derived  from 
different  cerium  sources  (all  bottles  are  the  same  size),  (b)  the  estimated  apparent 
densities  of  different  SDC  powders,  (c)  SEM  image  of  a  cross-sectional  view  of  a  4-pm- 
thick  SDC-2  electrolyte  membrane  supported  on  a  NiO-SDC  substrate  fabricated  using 
a  co-pressing  and  co-sintering  process. 


with  increasing  the  content  of  Ce(N03)3  used  in  the  precursor 
mixtures. 

As  is  well  known,  ionic  conductivities  of  doped  Ce02  depend  on 
the  type  and  amount  of  dopants  and  the  microstructure  (e.g., 
density,  grain  boundary,  grain  size  and  shape  as  well  as  their 
distributions)  of  the  electrolyte  [30-38].  Since  all  samples  in  this 
study  are  SDC  with  the  same  composition  and  prepared  using  the 
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Fig.  4.  Conductivity  of  SDC  pellets  sintered  at  1400  °C  for  5  h  with  different  SDC 
powders:  (a)  conductivities  versus  cerium  sources  (500-800  °C),  (b)  conductivities 
versus  cerium  sources  (500-600  °C)  and  (c)  conductivities  versus  testing 
temperatures. 


same  synthesis  process  (GNP),  the  microstructure  must  play  an 
important  role  in  ionic  conduction.  Fig.  5  shows  some  typical 
microstructures  (SEM  images)  of  the  samples  sintered  at  1400  °C 
for  5  h.  The  SEM  samples  were  prepared  by  grinding  and  polishing, 
followed  by  thermal  etching  (at  1000  °C  for  2  h)  to  reveal  the  details 
of  the  microstructure.  While  all  the  samples  are  relatively  dense, 
the  average  grain  size  and  size  distribution  of  the  samples  are 
influenced  by  the  precursors  used.  Clearly,  the  samples  with  larger 
grain  sizes  exhibited  higher  conductivities  (Fig.  4),  indicating  that 
the  grain  boundary  resistance  makes  more  contribution  to  the  total 
resistances  of  the  SDC  samples  of  smaller  grains.  This  is  consistent 
with  previous  studies  [9,32,39-41]. 
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Fig.  5.  Typical  microstructures  (SEM  images)  of  the  SDC  samples  sintered  at  1400  °C  for  5  h  after  grinding,  polishing,  and  thermal  etching  (at  1000  °C  for  2  h):  (a)  SDC-1,  (b)  SDC-2, 
(c)  SDC-3,  (d)  SDC-4,  and  (e)  SDC-5. 


3.3.  Application  in  single  cells 


To  evaluate  the  electrochemical  performance  of  these  SDC  powders 
as  electrolyte  in  real  SOFC  systems,  single  cells  were  fabricated  and 
characterized  using  Ni/SDC  (65  wt%:35  wt%)  anodes  and  SSC/SDC 
(70  wt%:30  wt%)  cathodes.  For  brevity,  the  single  cells  prepared  using 
different  SDC  powders  (e.g.,  SDC-1,  SDC-2,  SDC-3,  SDC-4  and  SDC-5)  as 
the  electrolyte  are  referred  as  Cell-1,  Cell-2,  Cell-3,  Cell-4,  and  Cell-5, 
respectively  (Table  1).  Shown  in  Fig.  6  are  a  cross-sectional  and 
a  surface  view  of  the  electrolyte  membrane  of  Cell-3  co-fired  at 
1250  °C  for  5  h.  The  electrolyte  membrane  appears  to  be  dense,  indi¬ 
cating  that  the  synthesized  powder  is  suitable  for  the  fabrication  of 
anode-supported  cells  using  a  co-pressing  and  co-firing  process. 

Fig.  7(a)  presents  some  typical  current— voltage  curves  of  these 
cells  operated  at  600  °C  with  wet  hydrogen  (3%  H20)  as  the  fuel  and 
ambient  air  as  the  oxidant.  Each  cell  exhibited  an  open  circuit 
voltage  (OCV)  of  0.895  ±  0.002  V,  which  is  rather  high  for  an  SOFC 
based  on  SDC  electrolyte  at  this  temperature  [26,42],  suggesting  that 
very  dense  electrolyte  membranes  were  obtained.  On  the  other 
hand,  the  peak  power  densities  of  Cell-1,  Cell-2,  Cell-3,  Cell-4,  and 
Cell-5  are  0.666, 0.694, 0.725, 0.639,  and  0.607  W  cm-2,  respectively. 
The  trend  in  cell  performance  seems  to  be  consistent  with  that  of  the 
conductivity  of  the  SDC  powders  used  as  the  electrolytes.  To  provide 
more  detailed  information,  typical  electrochemical  impedance 
spectra  of  these  cells  were  acquired  under  open  circuit  conditions 
with  a  two-electrode  configuration,  as  shown  in  Fig.  7(b).  The  ohmic 
resistances  of  the  cells  can  be  obtained  form  the  high  frequency 
intercepts  with  the  real  axis  in  Fig.  7(b),  and  the  total  polarization 
resistances  Rp  were  determined  from  the  equation  below  [43]: 


Rp  -  vc 


Rt-R 
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oc 

En 
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1  — 


(7) 


where  En  is  the  Nernst  potential  at  600  °C,  Voc  is  the  OCV,  Rq  is  the 
ohmic  resistance,  and  Rt  is  the  total  resistance  of  the  cell  (deter¬ 
mined  from  the  low  frequency  intercept  with  the  real  axis  in 
Fig.  7(b)).  The  calculated  Rp  and  Rq  for  each  cell  are  then  plotted  in 
Fig.  7(c).  As  is  shown  in  the  figure,  the  calculated  Rp  values  of  the 
cells  are  very  similar,  which  are  about  0.311  ±  0.003  Q  cm2.  On  the 
other  hand,  significant  differences  in  ohmic  resistances  were 
observed.  For  example,  the  ohmic  resistance  of  Cell-3  was  only 
0.119  Q  cm2,  but  it  increased  to  0.147  Q  cm2  when  SDC-5  powders 
were  used  as  the  electrolyte.  Further,  considering  the  fact  that  the 
OCVs  of  all  test  cells  are  similar,  the  differences  among  the  cell 
performance  must  be  attributed  to  the  variation  in  ionic  conduc¬ 
tivities  of  the  electrolytes,  which  can  also  be  seen  from  the  differ¬ 
ence  in  the  slopes  of  the  V—I  curves  shown  in  Fig.  7(a). 

Since  Cell-3  displayed  the  best  performance  among  all  cells 
tested,  the  performance  of  this  cell  was  further  tested  at  different 
temperatures,  as  shown  in  Fig.  8.  The  OCV  decreased  from  0.934  to 
0.855  V  as  the  operation  temperature  was  raised  from  550  to 
650  °C,  demonstrating  peak  power  densities  of  0.461,  0.725,  and 
0.996  W  cm-2  at  550,  600,  and  650  °C,  respectively  (Fig.  8(a)).  The 
electrochemical  impedance  spectra  of  the  cell  measured  at 
different  temperatures  are  shown  in  Fig.  8(b). 

3.4.  Discussion 

As  reported  in  the  literature,  the  glycine/nitrate  ratio  and 
calcination  temperature  have  significant  effects  on  the  properties  of 
SDC  powders  derived  from  a  GNP  [12,14,24,25].  In  this  study,  it  is 
demonstrated  that  cerium  source  is  another  important  factor  that 
critically  impact  the  properties  of  SDC  powders.  It  appears  that 
Ce(N03)3  is  a  better  cerium  source  than  Ce(NH4)2(N03)6  in  the  GNP, 
producing  SDC-1  powders  with  lower  apparent  density,  higher 
ionic  conductivity,  and  lower  activation  energy  for  electrical 
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Fig.  6.  (a)  A  cross-sectional  and  (b)  a  surface  view  of  the  electrolyte  membrane  of  Cell- 
3  co-fired  at  1250  °C  for  5  h. 


conduction.  Consequently,  single  cell  with  SDC-1  as  the  electrolyte 
showed  higher  performance  than  that  with  SDC-5  under  the  same 
operating  conditions  (when  the  same  anode  and  cathode  materials 
were  applied  using  identical  fabrication  processes). 

On  the  other  hand,  although  Ce(NH4)2(N03)6  seems  to  be  a  less 
favorable  choice  as  the  single  cerium  source  for  GNP  synthesis  of 
SDC  powders,  the  combination  of  Ce(NH4)2(N03)6  and  Ce(NOs)3  as 
mixed  starting  materials  produced  higher  quality  SDC  powders.  For 
example,  SDC-2  powders  synthesized  with  25  mol% 
Ce(NH4)2(N03)6  +  75  mol%  Ce(N03)3  as  the  cerium  source  exhibi¬ 
ted  even  lower  apparent  density  and  higher  ionic  conductivities 
than  the  SDC-1  powders  derived  from  single  Ce(N03)3.  In  partic¬ 
ular,  when  50  mol%  Ce(NH4)2(N03)6  +  50  mol%  Ce(N03)3  were  used 
as  the  starting  materials,  the  synthesized  SDC-3  powders 


Re{Z  ,  Cl  cm2} 


Fig.  7.  (a)  Dependence  of  cell  voltage  and  power  density  on  current  density,  (b) 
impedance  spectra  measured  under  open  circuit  conditions,  (c)  Rq  and  calculated  Rp, 
for  different  cells  tested  at  600  °C,  when  humidified  H2  (3%  H20)  and  ambient  air  are 
used  as  the  fuel  and  the  oxidant,  respectively. 


showed  the  highest  ionic  conductivities,  the  lowest  activation 
energy  for  electrical  conduction,  and  the  highest  potential  for 
fabrication  of  thin-film  membrane  based  high-performance  cells 
[12,17,29,37,44-46]. 

When  anode-supported  single  cells  were  fabricated  using  a  co¬ 
pressing  and  co-sintering  process,  the  electrolyte  membranes 
prepared  with  SDC-1  and  SDC-2  powders  had  very  high  relative 
densities,  attributed  primarily  to  the  relatively  low  apparent 
densities  of  the  SDC  powders  used.  For  the  cells  fabricated  from 
other  SDC  powders,  Cell-3,  Cell-4,  and  Cell-5,  the  electrolyte 
membranes  are  sufficiently  dense  to  obtain  OCVs  as  high  as  those  of 
Cell-1  and  Cell-2,  but  some  voids  are  observable  on  the  cross- 
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Fig.  8.  (a)  Dependence  of  cell  voltage  and  power  density  on  current  density  and  (b) 
impedance  spectra  measured  under  open  circuit  conditions,  for  Cell-3  tested  at  550, 
600  and  650  °C,  when  humidified  H2  (3%  H20)  and  ambient  air  are  used  as  the  fuel  and 
the  oxidant,  respectively. 


sectional  views.  Since  the  same  processes  were  used  to  fabricate 
the  electrodes  for  all  test  cells,  the  differences  in  cell  performance 
are  attributed  mainly  to  the  resistances  of  the  electrolyte 
membranes.  It  is  noted  that  the  electrolyte  thicknesses  of  the  cells 
are  also  very  close  to  each  other  (22.5  ±  0.5  pm),  as  the  same 
amount  of  SDC  powders  (by  weight)  were  used  for  each  electrolyte. 
Thus,  the  differences  in  cell  performance  are  most  likely  originated 
from  the  difference  in  the  effective  ionic  conductivities  of  the  SDC 
membranes  derived  from  different  cerium  sources. 

In  particular,  the  electrolyte  membranes  derived  from  the  SDC-3 
powders  showed  the  highest  conductivities  and  the  corresponding 
cells  demonstrated  a  peak  power  density  of  0.725  W  cm-2  at 
600  °C,  representing  the  best  performance  for  SDC  based  SOFCs 
fabricated  by  co-pressing  and  co-firing  without  any  electrode 
optimizations.  Also,  compared  with  Cell-5,  the  performance 
enhancement  of  Cell-3  is  about  19.4%,  a  significant  effect  only  by 
optimization  of  electrolyte  powder  synthesis.  On  the  other  hand, 
the  SDC-2  powders  are  most  favorable  for  fabrication  of  thin-film 
SDC-layers  due  to  its  lowest  apparent  density.  The  ultra-thin 
layers  may  play  very  important  roles  in  bi-layer  electrolytes  and 
buffer  layers  fabrications. 

4.  Conclusion 

In  summary,  proper  combination  of  Ce(N03)3  and  Ce(N- 
1^4)2(1^03)5  as  mixed  cerium  source  is  shown  to  be  more  effective  in 
achieving  SDC  powders  with  low  apparent  density  for  easy  fabri¬ 
cation  of  thin-film  electrolyte  membrane  with  very  high  sintered 
density  and  excellent  ionic  conductivity.  In  particular,  when  50  mol% 
Ce(N03)3  +  50  mol%  Ce(NH4)2(N03)6  are  used  as  the  starting 
material,  SDC  powders  derived  from  the  GNP  can  be  readily 


densified  to  achieve  high  ionic  conductivities,  thus  being  the  most 
conducive  electrolyte  for  IT-SOFCs.  On  the  other  hand,  SDC  powders 
derived  from  a  mixture  consisting  of  75  mol%  Ce(N03)3  and  25  mol% 
Ce(NFU)2(N03)6  exhibit  the  lowest  apparent  density  and  also 
reasonably  high  ionic  conductivities,  thus  being  very  promising  for 
fabrication  of  thin-film  electrolyte  membranes. 
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